Aim: Patients with Marfan syndrome have an increased risk of life-threatening aortic complications, mostly preceded by aortic dilation. Treatment with losartan, an angiotensin-II receptor-1 blocker, may reduce aortic dilation rate in Marfan patients.
Introduction
Patients with Marfan syndrome (MFS) have an increased risk of sudden death due to aortic dissection, mostly preceded by aortic dilation. [1] [2] [3] Life expectancy has improved due to surgical techniques for prophylactic aortic root replacement 1 and possibly due to β-blocker therapy. [2] [3] [4] However, cardiovascular complications remain a major problem. [5] [6] [7] Marfan syndrome is usually caused by mutations in the FBN1 gene, leading to deficiency or malformations of the fibrillin-1 protein. 8 Abnormal or deficient fibrillin-1 probably affects structural integrity of the extracellular matrix and may thereby enhance the release of active transforming growth factor-β (TGF-β). [9] [10] These processes are assumed to contribute to the development of aortic medial degeneration and subsequent aortic dilation and/or dissection. 11, 12 Recently, losartan emerged as a potentially effective novel treatment strategy due to its ability to inhibit TGF-β signalling and thereby preventing progressive aortic root dilation in an MFS mouse model. 13 The apparent beneficial effect of losartan treatment may also be attributed to other mechanisms. Losartan selectively blocks the angiotensin-II type 1 (AT1) receptor within the renin-angiotensin-aldosterone system 14 and attenuates canonical TGF-β signalling in the aorta. Furthermore, losartan inhibits TGF-β-mediated activation of extracellular signal regulated kinase, by allowing continued signalling thought the AT2 receptor. 15 Indeed, losartan was reported to slow down the aortic root dilation rate in a small retrospective cohort of paediatric patients with a severe MFS phenotype. 16 The primary aim of the COMPARE (COzaar in Marfan PAtients Reduces aortic Enlargement) study was to determine whether Cozaar (losartan) reduces the aortic dilation rate at any predefined aortic level in adults with MFS. Additional aims of the study were to determine whether losartan influences aortic volume and incidence of aortic dissection, elective aortic surgery, or cardiovascular death. 17 
Methods

Study design and participants
The design of the COMPARE study was a randomized, multicentre, open-label trial with blinded assessments of endpoints. 17 Patients were enrolled from January 2008 to December 2009. Patients were identified by all four Dutch university hospitals with a specialized multidisciplinary Marfan screening clinic and by using the national database of adults with congenital heart disease (CONCOR). 18 Eligible patients were adults (≥18 years) who were diagnosed with MFS according to the Ghent criteria of 1996. 19 Patients were ineligible if they (i) had a history of angioedema or other known intolerance for angiotensin-converting enzyme inhibitors (ACEi) and/or angiotensin-II receptor 112 blockers (ARB), (ii) were already using ACEi or ARB, (iii) had renal dysfunction, (iv) had a known intolerance for i.v. contrast agents, (v) had an aortic root diameter >50 mm, (vi) had a history of aortic dissection, (vii) had more than one vascular prosthesis, (viii) were planned for aortic surgery within 6 months of inclusion, or (ix) had the intention to become pregnant in the following 3 years. All previously prescribed medication, including β-blockers and calcium channel blockers, was continued after inclusion. The trial complied with the Declaration of Helsinki and was conducted with approval of the Medical Ethical Committees of all participating hospitals. Written informed consent was obtained from all participants. This trial is registered at the Netherlands Trial Register (number NTR1423).
Medication
Patients in the losartan group started on 50 mg daily, and the dosage was doubled after 14 days. When side effects, such as dizziness, syncope, angioedema, or renal dysfunction, occurred; losartan dosage was either reduced or treatment was terminated. Patients were randomly assigned into a 1:1 ratio to receive losartan daily (losartan group) or no additional treatment (control group). Randomization was performed with a computer generated randomization sequence using randomly permuted blocks of 10. We stratified for the four hospitals.
Assessment and outcomes
Participating patients started losartan treatment after baseline examinations. At baseline and after 3 years of follow-up, we examined patients' medical history and performed magnetic resonance imaging (MRI) of the entire aorta. When MRI was contraindicated, computed tomography (CT) was performed. Annually, patients were evaluated by transthoracic echocardiography (TTE) and interviewed for side-effects, changes in medication use and clinical events. Aortic measurements were evaluated independently by three observers (A.W.d.H., R.F., and A.M.S.) without knowledge of patients' medical therapy. The primary endpoint of this study was aortic dilation rate at the six predefined aortic levels, from the aortic root to the bifurcation, measured by means of MRI or CT after 3 years of follow-up. The secondary endpoints were (i) total aortic volume expansion rate and (ii) the incidence of the combined endpoint: cardiovascular mortality/aortic dissection/prophylactic aortic surgery. The decision to perform prophylactic aortic surgery was completely at the discretion of the attending cardiologists, based on European and American guidelines. 20, 21 When the surgical threshold was reached, patients underwent either a Bentall or David procedure to replace the dilated aortic root. Anticoagulation therapy was initiated when appropriate.
Cardiovascular imaging
All MRI scans were performed at two centres (AMC Amsterdam and LUMC Leiden). Aortic diameters were measured at six landmark levels on the MRI and CT scans; the aortic root, the ascending and descending thoracic aorta at the level of the pulmonary bifurcation, the aortic arch, the descending thoracic aorta at the level of the diaphragm and the abdominal aorta just proximal to the aortic bifurcation. When aortic aneurysms were detected between these landmark levels, separate aneurysm measurements were performed. Aortic volume was measured from the aortic annulus to the aortic bifurcation. Additionally, the aortic root was measured by TTE. (See Appendix A for a detailed description of MRI, CT, and TTE acquisitions.)
Statistical methods
Sample size calculation (330 patients) was based on the primary endpoint. We assumed that the mean aortic root dilation rate in MFS patients would be 0.9 mm/year, 22 and that losartan would reduce this to 0.5 ± 1.5 mm/year (two-sided α = 0.05; β = 0.2). 17 The effect of losartan on aortic dilation rate was evaluated by covariance analysis with baseline aortic dimension as covariate. As our primary outcome parameter consisted of the changes of aortic diameters at six levels that were possibly correlated, we performed multiple testing correction by using a permutation approach of 1000 permutations that took the correlations between the diameters at the six levels into account. From the permutation distribution we derived that when using a significance level of 0.0159, the family wise error was maintained at 0.05. The P-values of the aorta diameter changes at the six levels were obtained from the permutation Null-distribution. All analyses were performed on the basis of intention-to-treat. Additionally, per protocol and sensitivity analyses were performed. Per protocol analyses were performed to evaluate change in diameter between the two groups of MFS patients who continued their losartan treatment throughout the entire study and in whom losartan treatment was not started during the study, respectively. For the sensitivity analyses, patients who experienced a clinical endpoint were also included. Data shown are mean ± SD. The combined secondary endpoint (aortic dissection, elective aortic surgery, or cardiovascular death) was evaluated by means of the χ 2 test. The proportions of patients with a stable aortic root diameter during 3 years of follow-up (dilation rate ≤0 mm/3 year) were compared using Fisher's exact test. Covariance analysis was also used to evaluate the losartan effect on aortic dilation rate in subgroups of patients: males versus females, with or without a known FBN1 mutation or β-blocker therapy, mean arterial pressure ≤ or >90 mmHg, baseline aortic root diameter ≤ or >45 mm and age ≤ or >40 years. The mean differences in aortic root dilation rate between losartan-treated patients and control patients were plotted in a forest plot 23 and tested for significance using the interaction test between treatment-indicator (losartan or no losartan) and subgroup. Data analysis was performed using the SPSS statistical package (19.0 for windows; SPSS, Inc., Chicago, IL, USA).
Results
Patients
From January 2008 until December 2009, 233 patients (38 ± 13 years, 47% females) were enrolled; 116 were randomly assigned to treatment with losartan and 117 to no additional treatment ( Figure 1 ). Patient characteristics at baseline are shown in Table 1 . Follow-up was 3.1 ± 0.4 years, similar in both arms. A losartan dosage of 100 mg daily was achieved in 63 patients (54%). In 34 patients (29%), losartan dosage was 50 mg daily; in 2 patients (2%), losartan dosage was reduced to 25 mg and in 17 patients (15%) losartan treatment was ceased due to side-effects, including dizziness caused by low blood pressure (n = 14), renal dysfunction (n = 1), extreme fatigue (n = 1), or angioedema (n = 1). In one patient randomized to the control group, losartan was initiated after 2 years ( Figure 1 ). Other cardiovascular medicinal treatment regimens did not change during the study between baseline and follow-up. Five patients underwent a contrastenhanced ECG-triggered CT scan instead of MRI.
Primary endpoint
Aortic root dilation rate could be evaluated in 145 patients with a native aortic root at the time of exclusion ( Figure 1 ). Baseline characteristics were comparable between patients with and without a native aortic root, with exception of the distal aortic dimensions (aortic volume; 222 ± 56 mL versus 271 ± 70 mL, respectively, P < 0.001). There were no statistical significant differences between the losartan treated and control group in these 145 MFS patients with a native aortic root (aortic root diameter; 43.8 ± 5.0 versus 43.2 ± 4.4 mm, P = 0.436). The aortic root dilation rate was significantly lower in the losartan group than in the control group, 0.77 ± 1.36 versus 1.35 ± 1.55 mm/3 years, respectively, P = 0.014 (Table 2 , Figures 2 and 3 ). Aortic root dilation rate in patients on only losartan therapy was 0.91 ± 1.25 mm/3 years (n = 17) and in patients without losartan or any other form of cardiovascular medical therapy was 1.34 ± 1.12 mm/3 years (n = 21, P = 0.268). The per protocol and sensitivity analyses rendered similar results. Losartan was also significantly associated with reduced aortic root dilation rate as measured by TTE in the intention-to-treat analysis, respectively, 1.34 ± 1.51 versus 1.93 ± 1.39 mm/3 years, P = 0.021 ( Table 2) . As expected, losartan significantly reduced mean arterial blood pressure by 6 ± 11 mmHg compared with baseline (P < 0.001) and differed significantly from blood pressure changes in the control group after 3 years (3 ± 9 mmHg, P = 0.032). No correlation was found between mean arterial blood pressure or systolic blood pressure with aortic root dimension (P = 0.855 and P = 0.819, respectively) or aortic root dilation rate (P = 0.716 and P = 0.967, respectively). Furthermore, regression analysis showed that change in the mean arterial blood pressure or change in systolic blood pressure was Figure 1 . Randomisation and follow-up for aortic diameter analysis. Patients were excluded from aortic diameter analysis due to refusal of participation in follow-up, non-cardiovascular death in the losartan group or type B aortic dissection in the control group. ACEi denotes angiotensin converting enzyme inhibitors and ARB denotes angiotensin-II receptor blockers. *After 3 years, a total of 37 patients had an aortic root graft (27 prior to the study and 10 during the study) in the losartan group. Of these 37 patients, 2 are not included in the box 'aortic root replacement' due to non-cardiovascular death and refusal to participate in follow-up. **After 3 years, a total of 44 patients had an aortic root graft (36 prior to the study and 8 during the study) in the control group. Six of the 44 patients are not included in the box 'aortic root replacement' due to refusal to participate in follow-up.
116 not correlated with aortic root dilation rate in patients treated with losartan or controls (respectively, r = 0.058; P = 0.630 and r = 0.001; P = 0.993, Figure 4 ). The percentage of participants with a stable aortic root (defined as a dilation rate ≤0 mm/3 years) was 50% in the losartan group and 31% in the control group (P = 0.022), with a number-needed- * Plus-minus values are means ± SD. None of these characteristics differed significantly between the two groups (P>0.05 for all comparisons), unless otherwise noted. † FBN1 analyses was not performed in 1 patient in the losartan group and in 3 of the control group. In the losartan also mutations were found in TGFB2 (n=4) and MYH1 (n=1) gene.
In the control group mutations were found in TGFB2 (n=1), MYLK (n=1), MYH1 (n=1) and TGFBR1 (n=1) gene. ‡ P<0.05 for the comparison among the two study groups Abbreviations: TTE = transthoracic echocardiography, MRI = magnetic resonance imaging to-treat of 5.3 patients. Aortic dilation rate beyond the aortic root was evaluated in 218 patients ( Figure 1 ). Aortic dilation rate in the trajectory beyond the aortic root was not significantly reduced by losartan ( Table 2) .
Secondary outcomes
Aortic volume increase was assessed in 168 MFS patients with a native aortic root or aortic root replacement prior to study inclusion (excluded due to technical issues: 33, clinical endpoints: 20, refusal: 12, see Figure 1 ). In the intention-to-treat-analysis, the total aortic volume increase was similar in both groups ( Table 2 ). The per protocol and sensitivity analyses rendered similar results. A total of 19 patients underwent prophylactic aortic surgery due to progressive aortic dilation. No difference in separate clinical endpoints or the composite endpoint was found between the groups (prophylactic aortic root surgery: 10 versus 8, distal aortic surgical intervention: 0 versus 1, type B aortic dissection: 0 versus 2, respectively, for the losartan and control groups). No cardiovascular deaths occurred during the study.
Losartan treatment and aortic root replacement
A history of aortic root replacement prior to inclusion was present in 63 patients (27 in the losartan group). At baseline, patients with aortic root replacement demonstrated greater aortic dimensions in the remaining aortic trajectory when compared with (Tables 3 and 4) . After aortic root replacement, aortic arch dilation rate was significantly lower in the losartan group than in the control group (0.50 ± 1.26 versus 1.01 ± 1.31 mm/3 years, respectively, P = 0.033). Aortic dilation rate in the descending aorta at the level of the pulmonary artery and diaphragm was comparable between the groups (Table 3) . No significant difference in aortic volume increase between groups could be demonstrated (Table 3) . However, operated patients in the control group showed a significantly larger increase in aortic volume during the follow-up than unoperated patients (20 ± 18 versus 8 ± 13 mL/3 years, respectively, P = 0.004). Losartan-treated patients in the operated and unoperated subgroups did not show this disparity (15 ± 10 versus 11 ± 15 mL/3 years, respectively, P = 0.488).
Subgroup analysis
No subgroups (FBN1 mutation, mean arterial pressure, aortic root diameter, concomitant β-blocker usage, gender, and age) could be identified in whom losartan therapy was more beneficial in reducing aortic root dilation rate ( Figure 5 ). No interaction between treatment-indicator and subgroups could be demonstrated (P= 0.467).
Discussion
This is the first prospective, randomized, controlled trial indicating a beneficial effect of losartan treatment on aortic root dilation rate in adults with MFS. The reduction of mean aortic root dilation rate in the losartan group was present, irrespective of age, sex, blood pressure, aortic root size, presence of a FBN1 mutation and concomitant β-blocker use ( Figure 5 ). As subgroup analyses were performed on relatively small groups of patients, these results should be interpreted with some prudence. Subgroup analysis on aortic root dilation rate between patients on only losartan and those without medical therapy did not show a significant difference, due to limited sample size. The effects of losartan monotherapy on aortic root dilation rate will have to be awaited from other studies.
Although we could not demonstrate a significant association of losartan treatment with reduced aortic dilation rate beyond the aortic root or with clinical events, losartan was significantly associated with reduced dilation rate of the aortic arch in the subgroup of patients with a history of aortic root surgery. However, this result should be interpreted with some caution as baseline aortic dimensions of patients with prior aortic root replacement were not completely comparable between the groups.
We found large variability in individual aortic root dilation rates in the losartan group and losartan treatment did not normalize the dilation rate to that of the healthy population (aortic root dilation rate of 0.8-0.9 mm for each advancing decade of life). 24 The large interindividual differences in response to losartan treatment may be partly explained by genetic factors, such as different types of FBN1 mutations 25 and genetic modifiers, especially those involved in other inflammatory pathways 26 and partly by interindividual variation in forces acting on the aortic tissue. However, subgroup analyses could not identify any patient group with larger or smaller reduction in aortic root dilation rate, most likely due to lack of power. Furthermore, aortic root diameters measured by MRI were larger than measured by TTE (mean difference 0.9 ± 1.6 mm); however, aortic root dilation rate reduction measured by MRI was comparable with TTE findings (0.58 and 0.59 mm). This phenomenon has been observed and explained previously. 27 The incidence of clinical events was low in our study. Therefore, the clinical relevance of losartan treatment on aortic surgery and aortic dissection could not be determined by this trial and requires a prospective study with longer follow-up and a much larger sample size. The low incidence of aortic dissections and the absence of death in our study may have been caused by the low threshold for prophylactic aortic root surgery in MFS at 45-50 mm according to current guidelines. 20, 21 In the current era of aggressive surgical prophylactic treatment, ascending aortic dissection has become a rare event in patients with known MFS. As a corollary, the fate of the aortic trajectory beyond the aortic root has become a major clinical issue. We could not demonstrate a reduction of aortic dilation rate beyond the aortic root associated with losartan treatment in the entire cohort, most likely due to lack of power. Another possible explanation may relate to the different developmental origin of aortic root (neural crest cells) when compared with the remaining aorta. Neural crest cells showed to have a different response to TGF-β signalling. 28, 29 By blocking the AT1-receptor, losartan reduces arterial blood pressure and wall stress by vaso-active mechanisms.
14 In our study, the mean arterial blood pressure was significantly reduced in the losartan treatment group when compared with the controls. However, no correlation was found between change in the mean arterial pressure or 122 systolic blood pressure with aortic root dilation rate. A possible explanation for the beneficial effect of losartan might be due to the ability of losartan to inhibit TGF-β signalling. Transforming growth factor-β antagonists, other than losartan, that have no effect on blood pressure, provide overt vascular protection in mouse models. 15 However, wall stress appears to be an essential precondition for the development of aortic media degeneration, as shown by the completely normal architecture of the aortic wall in newborn MFS mice. Therefore, the beneficial effects of losartan may be caused by both signalling and blood pressure-lowering effects. Targeted treatment dosage of 100 mg losartan daily was reached in only 54% of the patients, mainly due to side-effects, such as hypotension by concomitant β-blocker use. However, in the intention-to-treat analysis, which includes the lower losartan treatment dosage as well, a beneficial effect of losartan on aortic root dilation rate could be demonstrated. A possible explanation could be that a low dosage of losartan daily might already be enough to inhibit a TGF-β signalling cascade.
We observed that the trajectory beyond the aortic root dilates more progressively in patients with a history of aortic root replacement, as previously reported. 6, 30, 31 The aortic dilation rate of the aortic trajectory beyond the aortic root may be enhanced by haemodynamic factors, altered wall mechanics, loss of the Windkessel effect with higher pulsatile forces acting onto the descending aorta, or clamping of the aorta during the operation. 6 In summary, losartan treatment reduces aortic root dilation rate in adults with MFS with a number-needed-to-treat of 5.3 patients when comparing the percentage of patients with stable aortic root between both groups. Following prophylactic aortic root replacement, losartan treatment also has a beneficial effect on dilation rate in the aortic arch.
Study limitations
We were unable to enrol the original defined total sample size of 330 patients, mainly due to our strict inclusion and exclusion criteria. Second, inclusion was limited to the patients known at the designated four Dutch university hospitals with a specialized multidisciplinary Marfan screening clinic and by using the national database of adults with congenital heart disease (CONCOR).
Aortic root dilation rate was overestimated in our original sample size analysis (dilation rate: 1.35 mm/3 years as opposed to the expected 2.7 mm/3 years). Although this could be interpreted as a result of a less severely affected study cohort, similar aortic root dilation rates have been reported previously. characteristics were: slice thickness 6 mm, flip angle 60-80°, field of view 300-400 mm, matrix size 256 × 192, 25-50 frames per cardiac cycle. These acquisitions resulted in a CINE short-axis representation of the aortic root at the level of the sinus of Valsalva with an in-plane spatial resolution of 1.2-1.8 × 1.4-1.8 mm/pixel and a temporal resolution of ∼20-30 ms.
Transthoracic echocardiography was performed with a Vivid 7 (GE, Vingmed Ultrasound, Horton, Norway) ultrasound system by experienced ultrasound technicians. Aortic root diameters were measured in end-diastole at the level of the sinus of Valsalva, by using the leading edge to leading edge technique in parasternal long axis, consistent with the current American Society of Echocardiography guidelines. 33 Computed tomography was performed by the use of a Philips 64 slice CT scanner, using generally available iodine-based contrast agents in a small number of patients.
Image processing
Aortic root diameter was assessed by greatest end-diastolic diameter of three cusp-cusp dimensions from the outer to inner wall on the SSFP images. All measurements beyond the aortic root were performed on multiplanar MRA reconstructions from inner to inner edge.
The Vessel analysis software (3 mensio vascular, 3mensio Medical Imaging BV, Bilthoven, the Netherlands) was used to calculated aortic volumes. Intra-and inter-observer variability of aortic volume assessment showed excellent reproducibility. Images were loaded in the software with window and level settings acquired from the DICOM data. The total aortic volume was determined by the following technique; a central lumen line was created by manually placing a seeding point through the lumen of the aorta in the axial, the sagittal, and the coronal plane. A complete set of multi-planar reformats was reconstructed by the computer perpendicular to this central lumen line, resulting in a stretched vessel view of the aorta, from the aortic valve to the aortic bifurcation. The aortic lumen was manually separated from the surrounding tissue by placing a cut-off line between the enhanced aortic lumen voxels and the surrounding voxels in four cross-sections. The volume of the contrast-enhanced aortic lumen was reconstructed from the individually segmented axial slices, starting at the level of the aortic root and ending at the level of the aortic bifurcation.
